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Summary
Cell polarity in higher animals is controlled by evolutionarily
conserved protein complexes, which localize to the cytocor-
tex in a polarized manner [1, 2]. The PAR-3/PAR-6/atypical
protein kinaseC (aPKC) complex is the first to become asym-
metrically localized, and it controls the localization of addi-
tional complexes functioning further downstream in the
regulation of cell polarity [3–9]. The first component of the
PAR-3/PAR-6/aPKC complex that is localized to the cortex
is Bazooka/PAR-3 (Baz), a large scaffolding protein [10]. In
most cell types analyzed, loss of Baz function leads to loss
of cell polarity [6, 8, 11]. Here we present a structure-function
analysis of Baz focusing on its subcellular localization and
function in four different polarized Drosophila cell types:
the embryonic ectodermal epidermis, the follicular epithe-
lium, embryonic neuroblasts, and the oocyte. We show
that the PDZ domains of Baz are dispensable for its correct
localization, whereas a conserved region in the C-terminal
part of Baz to which no function had been assigned so far
is required and sufficient for membrane localization. This
region binds to phosphoinositide membrane lipids and
thus mediates cortical localization of Baz by direct interac-
tion with the plasma membrane. Our findings reveal a mech-
anism for the coupling of plasma membrane polarity and
cortical polarity.
Results and Discussion
Molecular Analysis of Loss-of-Function Alleles of baz
Bazooka (Baz) is a scaffolding protein of 1464 amino acids [12],
but with the exception of the N-terminal conserved region 1
(CR1; Figure 1), which is required for homodimerization [13],
and two conserved phosphorylation sites for the kinase
PAR-1 (S151 and S1085; Figure 1A), which serve as binding
sites for 14-3-3 proteins [14, 15], little is known about the impor-
tance of individual protein regions for the function and proper
subcellular localization of Baz. To address this question,
we sequenced the four mutant alleles bazXi106 [16], bazEH747
[17], baz815-8 [18], and bazXR11 [12]. Three alleles contained*Correspondence: awodarz@gwdg.de
4Present address: Drittes Physikalisches Institut, Biophysik, Georg-August-
Universita¨t Go¨ttingen, Friedrich-Hund-Platz 1, 37077 Go¨ttingen, Germanynonsense mutations giving rise to truncated Baz proteins
that most likely are completely nonfunctional (Figure 1A). In
bazXR11, we did not detect any informative mutation in the
coding region, pointing to a mutation in a regulatory element.
Structure-Function Analysis of Baz
with GFP-Baz Fusion Proteins
To systematically analyze the functional requirement for indi-
vidual regions of Baz, we generated a series of constructs
encoding full-length and deletion mutants of Baz tagged at
the N terminus with green fluorescent protein (GFP) (Fig-
ure 1B). These constructs were expressed with the UAS-
GAL4 system [19] in four different polarized cell types: in the
embryonic epidermis, in the adult follicular epithelium, in
embryonic neuroblasts (NBs), and in the adult female germline
including the oocyte (see Table S1 available online).
Full-length GFP-Baz is fully functional, as it rescued the
embryonic lethality of the strong alleles baz815-8 and bazXR11
(Figure 1), like untagged full-length Baz [12]. In embryonic
epidermal cells and in the follicular epithelium, GFP-Baz local-
ized to the zonula adherens (ZA) and colocalized there with
DE-cadherin (DE-Cad) and endogenous Baz (Figures 2A and
2B; data not shown). Because of the resolution limits of
conventional confocal microscopy, we cannot exclude the
possibility that GFP-Baz also colocalized with atypical protein
kinase C (aPKC) in the subapical region. In embryonic NBs,
GFP-Baz formed an apical crescent at prophase and meta-
phase and colocalized with aPKC (Figure 2C). In stage 10
oocytes, GFP-Baz formed a gradient at the membrane with
high concentrations at the anterior pole and low concentra-
tions at the posterior pole (Figure 2D).
The N-Terminal Region of Baz Is Required for Polarized
Localization in Neuroblasts and Oocytes
Baz CR1 has been found to be necessary but not sufficient for
apical membrane localization of Baz-GFP in the follicular
epithelium [13]. A mutant GFP-Baz lacking CR1 (GFP-
BazD1–317; Figure 1B) colocalized with DE-Cad in the ZA of
the embryonic epidermis (Figure S1A). In the follicular epithe-
lium, GFP-BazD1–317 was targeted correctly to the ZA and
colocalized with DE-Cad at low levels of overexpression
(Figure S1B). In cells containing higher levels of the protein,
GFP-BazD1–317 was diffusely distributed in the cytosol
(Figure S1B, arrowheads), but a fraction of it still accumulated
in the ZA. In embryonic NBs, GFP-BazD1–317 was associated
with the membrane but localized to the entire cortex instead of
forming an apical crescent (Figure S1C). GFP-BazD1–317 also
localized homogeneously to the entire cortex of the oocyte
(Figure S1D), demonstrating that the N-terminal region of
Baz is required for its polarized localization in these two non-
epithelial cell types.
The PDZ Domains of Baz Are Not Required for Membrane
Targeting
For rat PAR-3, the second PDZ domain has been shown to
bind to phosphoinositide membrane lipids [20]. Deletion of
the second PDZ domain or mutation of a single conserved
amino acid residue involved in lipid binding results in a total
Figure 1. Structure-Function Analysis of Baz
(A) Structure of the Bazooka (Baz) protein. The
positions of identified point mutations in three
baz alleles are indicated by arrowheads. Known
phosphorylation sites of Baz are indicated by
asterisks.
(B) Schematic representation of deletion mutants
of Baz. All versions of Baz were N-terminally
tagged with GFP and expressed under the
control of the UAS-GAL4 system in transgenic
flies and tissue culture cells. The amino acid resi-
dues still present in the deletion mutants are
given in numbers at the borders of the deletions.
Rescue of the lethality of the strong baz815-8 allele
by the respective GFP-Baz fusion proteins
expressed with the UAS-GAL4 system under
control of the da::GAL4 driver line is indicated
by a ‘‘+’’ to the right of the schematic drawing
of the construct. ND indicates not determined.
For a summary of the subcellular localization of
these Baz variants, see Table S1.
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However, deletion of all three PDZ domains of mouse PAR-3
does not affect its localization to the tight junction in MDCK
cells [21], calling into question the functional significance of
phosphoinositide binding by the second PDZ domain of
PAR-3. To test whether the second PDZ domain of Drosophila
Baz is required for membrane recruitment, we generated
deletion versions of Baz lacking individual PDZ domains
(GFP-BazDPDZ1/2/3) or all three PDZ domains together
(GFP-BazDPDZ1–3) (Figure 1B). Neither deletion of any single
PDZ domain nor deletion of all three PDZ domains caused
mislocalization of the respective mutant Baz protein (Figures
S1E–S1H). One explanation could be that correctly localized
endogenous Baz protein localizes the mutant protein via its
N-terminal oligomerization domain [13]. However, in hemizy-
gous baz815-8 mutant embryos, the GFP-BazDPDZ1–3 protein
still localized normally at late embryonic stages when the
maternally contributed endogenous wild-type Baz protein
had already disappeared (data not shown). In S2R+ cells, which
express only low levels of endogenous Baz, GFP-BazDPDZ1–3was correctly targeted to the membrane
(Figure S1N). These results indicate that
the correct subcellular localization of
Baz is independent of its PDZ domains.
Truncation of the C-Terminal Region
of Baz Abolishes Membrane
Association
To assess the function of the C-terminal
region of Baz, we generated a series
of constructs encoding proteins with
C-terminal truncations (Figure 1B). Dele-
tion of 242 aa from the C terminus
(GFP-BazD1222–1464) did not affect
the normal subcellular localization of
Baz (Figures S1I–S1L). Deletion of 368
or 464 aa from the C terminus (GFP-
BazD1097–1464 and GFP-BazD1001–
1464, respectively) led to increased
accumulation of the truncated protein
in the cytoplasm (Figures 3A, 3D, and
3G; Figure S2A). Deletion of 496 aafrom the C terminus (GFP-BazD969–1464) completely abol-
ished membrane localization of Baz in all tissues analyzed
(data not shown).
Expression of the same C-terminal deletion versions of
Baz in S2R+ cells confirmed our results obtained in transgenic
embryos (Figures S1O–S1R). Our findings are consistent
with a previous report showing that the aa 937–1024 region
of mouse PAR-3 (corresponding to aa 1124–1188 in Baz)
is required for localization to the tight junction in MDCK
cells [21].
Deletion versions of Baz lacking up to 368 aa from the
C terminus rescued the lethality of baz815-8 and of bazXR11 to
the adult, whereas larger deletions eliminating the conserved
regions surrounding the phosphorylation sites for PAR-1 and
aPKC did not rescue (Figure 1B). This result seems to imply
that correct membrane localization of Baz is not essential for
its rescuing activity. However, we believe that this requirement
may be masked by the presence of maternally provided
endogenous Baz at early embryonic stages, when Baz is
essential for establishment of apical-basal polarity.
Figure 2. Subcellular Localization of Full-Length GFP-Baz
(A) In the embryonic epidermis at stage 12, GFP-Baz colocalizes with DE-cadherin (DE-Cad) at the zonula adherens (ZA) but does not overlap with baso-
lateral Discs large (Dlg).
(B) In the follicular epithelium at stage 10 of oogenesis, GFP-Baz also colocalizes with DE-cadherin and is excluded from the basolateral membrane.
(C) In embryonic metaphase neuroblasts (arrow), GFP-Baz colocalizes with aPKC in an apical cortical crescent opposite to the basal crescent of Miranda
(Mira).
(D) In stage 10 oocytes, GFP-Baz localizes to the cortex but is excluded from the posterior tip of the oocyte, marked by the presence of Staufen (Stau). The
anterior-dorsal region of the oocyte is marked by the Gurken (Grk) protein. The following abbreviations are used: oc, oocyte; nc, nurse cell.
DNA was stained with DAPI. Scale bars represent 10 mm. In (A)–(C), apical is up. In (D), anterior is to the left. For immunolocalization data of additional Baz
variants, see Figure S1.
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for Localization to the Plasma Membrane
From our experiments, we conclude that a portion of the
C-terminal region is required for membrane localization of
Baz. In order to test whether the isolated C-terminal region is
sufficient for membrane association of Baz, we generated
transgenic flies expressing a GFP-tagged C-terminal fragment
of Baz (GFP-BazD1–904; Figure 1B). The truncated protein was
targeted to the plasma membrane in S2R+ cells (Figure S1S)
and in the epidermis of stage 12 embryos, where it showed
partial colocalization with DE-Cad (Figure 3B; Figure S2J). In
the follicular epithelium, GFP-BazD1–904 localized to the entire
apical and lateral membrane and to the cytosol (Figure 3E). In
embryonic NBs, GFP-BazD1–904 localized at the membrane
but did not form an apical crescent (Figure 3H). Because trun-
cation of 242 aa (GFP-BazD1222–1464) still allowed correct
localization of Baz (Figures S1I–S1L), we expressed aa 905–
1221 of Baz as a GFP fusion protein (GFP-BazD1–904D1222–
1464; Figure 1B). GFP-BazD1–904D1222–1464 localized to
the plasma membrane in vivo and in S2R+ cells (Figure S1T;
data not shown).
Within the aa 905–1221 region, which is sufficient for
membrane association of Baz, three sequence blocks are
highly conserved between Baz and vertebrate PAR-3 (Fig-
ure S2D): (1) the aPKC-binding region (aa 971–985) including
the phosphorylation site for aPKC (S980) [22–25], (2) the
binding site for 14-3-3/PAR-5 proteins (aa 1073–1093), which
contains a phosphorylation site for PAR-1 (S1085) [14, 15, 26,
27], and (3) a 20 aa stretch (aa 1173–1193) with no previously
known function. Deletion of the aPKC-binding region (GFP-BazD968–996; Figure 1B) did not affect correct localization
of Baz in the epidermis (Figure S2E), in the follicular epithelium
at stage 6 (Figure S2F), or in embryonic NBs (Figure S2H).
Variants of Baz deleted for the binding site for 14-3-3/
PAR-5 proteins (GFP-BazD1073–1093) or the conserved
stretch of amino acids with unknown function (GFP-BazD1173–
1193) also localized normally in epithelia and NBs (data not
shown).
To investigate the function of the three conserved sequence
blocks within the region sufficient for membrane localization
of Baz (aa 905–1464), we generated constructs comprising
aa 905–1464 of Baz with the corresponding small internal
deletions (Figure 1B). GFP-BazD1–904D968–996 and GFP-
BazD1–904D1073–1093 localized to the membrane in a manner
similar to GFP-BazD1–904 (Figures S2J–S2L). In contrast,
GFP-BazD1–904D1173–1193 did not show any membrane
localization and was completely cytosolic (Figure S2M),
demonstrating that in the absence of the N-terminal 904 aa,
the conserved aa 1173–1193 sequence block is essential for
membrane localization.
The C-Terminal Region of Baz Binds to Phosphoinositides
Attachment of a cytoplasmic protein to the plasma membrane
can be achieved by direct anchorage to the lipid bilayer of the
membrane, either by posttranslational protein modification,
e.g., prenylation and palmitoylation [28, 29], or by lipid-binding
domains, such as pleckstrin homology (PH), FYVE, and PX
domains [30]. Sequence analyses with the BLAST and SMART
algorithms did not reveal the existence of any known lipid-
binding domain in the C-terminal region of Baz.
Figure 3. The C-Terminal Region of Baz Is Necessary and Sufficient for
Membrane Localization
(A, D, and G) GFP-BazD1097–1464 lacking 368 aa of the C-terminal region of
Baz shows strongly reduced membrane localization and accumulates in the
cytoplasm in the epidermis (A), in the follicular epithelium (D), and in neuro-
blasts (G, arrow).
(B, E, and H) GFP-BazD1–904 lacking CR1 and all PDZ domains localizes to
the membrane but does not accumulate apically in the epidermis (B), in the
follicular epithelium (E), and in mitotic neuroblasts (H, arrow).
(C, F, and I) Replacement of the C-terminal 357 aa of Baz by the pleckstrin
homology (PH) domain of phospholipase C d, which binds to PI(4,5)P2, leads
to normal localization of the GFP-BazD1107–1464PHP fusion protein in the
epidermis (C) and in mitotic neuroblasts (I, arrow). In the follicular epithelium
(F), the localization of GFP-BazD1107–1464PHP is not restricted to the ZA
but spreads along the apical and lateral membrane.
Scale bars represent 10 mm. Apical is up in all panels. For additional data
related to this figure, see Figure S2.
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two fragments (aa 905–1221 and 947–1464) of Baz fused
to glutathione S-transferase (GST) (GST-Baz905–1221 and
GST-Baz947–1464; Figures 4A and 4B). Both fusion proteins
bound to PI(4,5)P2 and PI(3,4,5)P3 (Figure 4C), in contrast to
a GST fusion protein containing all three PDZ domains of
Baz (GST-BazPDZ1–3; Figures 4A–4C) and GST alone
(Figure 4C). We also tested the binding of GST-Baz947–1464
to liposomes with a defined lipid composition. These assays
revealed preferential binding of GST-Baz947–1464 to phos-
phoinositides, with the highest binding efficiency for lipo-
somes containing PI(3,4,5)P3 (Figure 4D). To exclude the
possibility that the high binding efficiency for PI(3,4,5)P3 was
caused by the higher negative charge of this lipid compared
to that of the other lipids that we tested, we compared
the binding curve for liposomes containing PI(3,4,5)P3 to that
of liposomes containing a mixture of PI(3)P and PI(4,5)P2,
which had the same net surface charge (Figure 4E). This
assay showed stronger binding of GST-Baz947–1464 to the
PI(3,4,5)P3 liposomes as compared to the mixed PI(3)P/
PI(4,5)P2 liposomes, confirming that this region of Baz binds
with highest affinity to PI(3,4,5)P3. Dissociation constant (KD)
measurements showed an about 2-fold lower affinity of GST-
Baz947–1464 binding to PI(3,4,5)P3 (3.50 6 0.25 mM) as
compared to the GST-Steppke-PH domain (1.45 6 0.30 mM;
Figure 4F). Our KD measurements indicate that compared to
certain PH domains (such as PLCd-PH or Grp1) or high-affinity
PX or FYVE domains, the Baz947–1464 fragment binds phos-
phoinositides with lower affinity. It is therefore not likely to
represent an independent high-affinity phosphoinositide-
binding domain. However, as part of a multidomain, multiva-
lent set of membrane interactions, phosphoinositide binding
by this region of Baz appears to contribute a substantial frac-
tion of the membrane-binding energy.
To test whether replacement of the phosphoinositide-bind-
ing region of Baz for an unrelated phosphoinositide-binding
domain can restore proper localization of Baz in different cell
types, we generated transgenic flies expressing a chimeric
protein (GFP-BazD1107–1464PHP; Figure 1B) consisting of
the first 1106 aa of Baz and the pleckstrin homology domain
of human phospholipase Cd, which binds specifically to
PI(4,5)P2 [31]. GFP-BazD1107–1464PHP was localized cor-
rectly to the ZA in the embryonic epidermis (Figure 3C). In
the follicular epithelium, GFP-BazD1107–1464PHP was local-
ized to the free apical membrane, and to a lesser extent along
the lateral membrane (Figure 3F). GFP-BazD1107–1464PHP
was targeted correctly to the apical cortex in embryonic NBs
(Figure 3I) but was not excluded from the posterior oocyte
cortex at stage 10 (Figure S2C). Essentially the same subcel-
lular localization was observed for a variant of Baz (GFP-
BazD1107–1464PHS; Figure 1B) in which aa 1107–1464 were
replaced by the PH domain of the protein Steppke [32, 33],
which specifically binds to PI(3,4,5)P3 (Figure 4F). These find-
ings suggest that the binding to phosphoinositides as such
is sufficient for localization of Baz to the membrane, and that
the specific localization to the ZA and to the apical membrane
domain is mediated by regions located in the N-terminal half of
the protein.
To test whether phosphoinositides are required for
membrane association of Baz, we transfected S2R+ cells
with a construct encoding aa 905–1464 of Baz fused at the C
terminus with the hemagglutinin (HA) tag (Baz905–1464-HA)
in the absence or presence of human inositol polyphos-
phate-5-phosphatase I (InsP 5-ptase), which has been shown
Figure 4. The aa 947-1221 Region of Baz Binds to Phospho-
inositides
(A) Schematic drawings of the GST fusion proteins used for
lipid-binding studies.
(B) Coomassie-stained SDS-PAGE of purified GST fusion
proteins used for the lipid-binding assays. Molecular weight
markers are shown on the left.
(C) Lipid membrane strips were incubated with the GST
fusion proteins indicated at the bottom, and bound proteins
were detected with anti-GST antibody.
(D) Relative binding efficiency of GST-Baz947–1464 to lipo-
somes containing phosphatidylcholine (PC) plus 10 mol% of
desired lipid. Binding to PI(3,4,5)P3 liposomes in the presence
and absence of 10 mol% phosphatidylserine (PS) was tested
for stimulatory effect of PS [PI(3,4,5)P3 + PS]. For abbrevia-
tions of other lipids, see (C). GST fusion proteins of the PH
domains of PLCd1 [specific for PI(4,5)P2] and GRP1 [specific
for PI(3,4,5)P3] were used as positive controls. Error bars indi-
cate standard deviation of n = 3–5 independent experiments.
(E) GST-Baz947–1464 binding to PI(3,4,5)P3 liposomes in the
range from 0 to 10 mol% PI(3,4,5)P3 () or PI(3)P + PI(4,5)P2
(B) to compare the effect of surface charge on binding. Note
that GST-Baz947–1464 has a lower affinity for PI(3)P +
PI(4,5)P2 than for PI(3,4,5)P3 liposomes (compare 10 mol%
and [D]). Error bars indicate standard deviation of n = 3 inde-
pendent experiments.
(F) Determination of KD values for binding of GST-Steppke-
PH and GST-Baz947–1464 to PI(3,4,5)P3 liposomes. Left:
Coomassie-stained gel of GST-Steppke-PH and GST-
Baz947–1464 liposome-bound (t lanes; top of sucrose
gradient) and unbound (b lanes; bottom of sucrose gradient)
fractions. The protein concentration used for the binding
assays is given above the respective lanes. Right: quantifica-
tion of GST-Steppke-PH () and GST-Baz947–1464 binding
(B) to PI(3,4,5)P3 liposomes. The KD values determined
by this method are 1.45 6 0.30 mM for GST-Steppke-PH
(solid line represents the nonlinear fit to the data points)
and 3.50 6 0.25 mM for GST-Baz947–1464 (dashed line
represents the nonlinear fit to the data points).
For additional data related to this figure, see Figure S3.
Current Biology Vol 20 No 7
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35]. Whereas Baz905–1464-HA localized to the plasma mem-
brane when transfected alone into S2R+ cells (Figure S3A),
it formed cytoplasmic aggregates when cotransfected with
InsP 5-ptase (Figure S3B), demonstrating that phosphoinositi-
des are essential for membrane recruitment of Baz.
Here we have shown that membrane targeting of Baz is
mediated by direct binding to phosphoinositide lipids. This
interaction depends on a region in the C-terminal portion of
Baz to which no function had previously been assigned and
is independent of the PDZ domains. However, additional
regions of Baz are required for correct subcellular localization
in different cell types.Experimental Procedures
Fly Stocks and Genetics
Details on fly stocks and genetic techniques used in this
study are provided in the Supplemental Experimental Proce-
dures.
DNA and Generation of Expression Constructs
Details on the sequencing of baz mutant alleles and on the
generation of expression constructs used in this study are
provided in the Supplemental Experimental Procedures.
Immunohistochemistry
Embryos, ovaries, and S2R+ cells were fixed in 4% formalde-
hyde/phosphate buffer (pH 7.4) according to standardprocedures. Information on the primary antibodies used is provided in the
Supplemental Experimental Procedures.
Lipid-Binding Assays
Fusion proteins of different regions of Baz with GST were expressed in
E. coli and affinity purified according to the manufacturer’s instructions
(Roche). Lipid strips containing spots of different membrane lipids (Echelon
Inc.) were then incubated with the purified GST-Baz fusion proteins accord-
ing to the manufacturer’s instructions, washed, and probed with antibodies
against GST (Sigma G7781) according to standard western blot procedures.
For membrane floatation assays, liposomes were prepared as described
[36]. The membrane floatation was performed as follows: liposomes (80 ml of
10 mM total lipid concentration) were incubated on ice for 30 min with 1 mg
GST-Baz947–1464 or GST alone. LB buffer (30 mM Tris, 4 mM EGTA, 2 M
sucrose [pH 8.0]) was added to the incubation reaction to bring the final
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641sucrose concentration to 1.6 M, and this mixture was overlaid with cushions
containing 1.4 M, 0.4 M, and 0.25 M sucrose in the same buffer in a TLS-55
tube. After centrifugation at 201,000 3 g (4C) for 30 min in a TLS-55 rotor
(Beckman), the 0.25/0.4 M interphase (top fraction), the 0.4 M/1.4 M inter-
phase (middle fraction), and the loading fractions were collected and
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed
by Coomassie staining. Stained gels were digitized by flatbed scanning,
and protein bands were quantified with NIH ImageJ 1.42 software. The
dissociation constant KD for binding of GST-Baz947–1464 and GST-
Steppke-PH to PI(3,4,5)P3 liposomes was determined by quantification of
the liposome-bound/unbound protein fraction (f) at constant total
PI(3,4,5)P3 concentration of 5 mM (L) and various protein concentrations
(protein). Data were best-fit to the following equation with SciDAVis
(http://scidavis.sourceforge.net/):
fðprotein; L; KDÞ=
KD +L+protein2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðKD +L+proteinÞ22 4 L protein
q
2 L
(Equation 1)
Supplemental Information
Supplemental Information includes three figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2010.01.065.
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